Transition metal dichalcogenides (TMD) are increasingly popular due to unique structural and mechanical properties. They belong, together with graphene and similar 2D materials, to small family of solid lubricants with potential to produce ultra-low friction state. At the macroscale, low friction stems from the ability to form well-oriented films on the sliding surface (typically up to 10 nm thick), with the TMD basal planes aligned parallel to the surface. In this paper, we quantitatively evaluate tribological properties of three sputtered tungsten-sulfur-carbon (W-S-C) coatings at a nanoscale using friction force microscopy. In particular, we investigate possible formation of well-ordered tungsten disulfide (WS 2 ) layers on the coating surface. The coefficient of friction decreased with increasing load independently of coating composition or mechanical properties. In contrast, hard coatings with high tungsten carbide content were more resistant to wear. We successfully identified a WS 2 tribolayer at the sliding interface, which peeled off as ultrathin flakes and attached to AFM tip. Nanoscale tribological behaviour of WSC coatings replicates deviation of Amonton's law observed in macroscale testing and strongly suggests that the tribolayer is formed almost immediately after the start of sliding.
Introduction
Solid lubricants are materials which can exhibit very low friction during sliding in the absence of external supply of lubricant. Transition metal dichalcogenides (TMD) belong to one of the most developed classes of materials for solid lubrication, with molybdenum disulfide (MoS 2 ) being the most studied material, showing super-low friction sliding in high vacuum. [1] [2] [3] [4] Low friction stems from the ability to form an oriented film on the sliding surface, with the basal planes aligned parallel to the surface, due to low adhesion and shear strength between the planes 5 . At the nanoscale, a rotational disorder is expected between the planes in order to decrease dissipated energy and thus friction (incommensurate sliding) 4 . One of the main drawbacks of pure TMD coatings (typically prepared by magnetron sputtering) is their low loadbearing capacity and limited wear resistance. To remedy this lack, TMD coatings were codeposited with non-metallic interstitial elements such as carbon, producing coatings such as tungsten-sulfur-carbon (W-S-C), molybdenum-selenium-carbon (Mo-Se-C) which showed an enhanced mechanical resistance with improved tribological properties. Yet they still possessed solid lubricant properties due to their unique self-adaptive behavior. [6] [7] [8] [9] [10] [11] During sliding of these coatings, a thin TMD tribolayer (up to 10 nm) with well-ordered planes parallel to the sliding direction is produced. The tribolayer simultaneously protects the coating from environmental attack and provides low friction.
Friction (or lateral) force microscopy (FFM,) is often used to study nanoscale tribological properties of lamellar-like solid lubricants such as niobium diselenide (NbSe 2 ), molybdenum oxide (MoO 3 ), molybdenum disulphide (MoS 2 ), graphite and graphene, as well as non-layered carbon-based solids. [12] [13] [14] [15] Most of the studies concentrate on friction measurements in the elastic regime, i.e. below the critical load at which observable damage might take place. Yet, plastic deformation is integral part of the majority of sliding contacts, and thus material wear is an unavoidable process. Atomic wear by FFM was reported for lamellar-like materials, including mica [16] [17] [18] [19] , single-crystal calcite 20 , potassium bromide (KBr) 21 , as well as NbSe 2 and MoS 2 .
22-23
The mechanism of material wear was shown to be dependent on environmental conditions, applied load, and materials properties. For example, the wear of layered materials, such as mica, MoS 2 or NbS 2 , occurs in a relatively controlled layer-by-layer manner. 16-17, 19, 22 After a critical number of surface defects is accumulated during tip sliding, AFM produces a visible wear scar.
The removal and rearrangement of single ionic pairs is the main mechanics of KBr surface wear 21 . The debris generated during scratching form layers that rearrange in an epitaxy-like process with the orientation and periodicity as the underlying substrate. All the above reported FFM studies were carried out on materials with well-defined crystallographic and/or layered structures. In contrast, TMD based coatings, such as W-S-C, prepared by magnetron sputtering exhibit complex structure combining amorphous and crystalline phases, and well-ordered tribolayer is formed during traditional pin-on-disc tribological experiments 6, 10 . In our previous FFM study 24 on chromium doped W-S-C coatings, we concentrated on the nanoscale friction properties at low loads in the elastic regime. Very low levels of wear were observed, but this was attributed to the removal of surface contamination. As single-pass for each load was carried out, no topographical changes were identified, and therefore the formation of the tribolayer was not observed.
The purpose of this study is to evaluate tribological properties at the nanoscale, and identify if well-ordered tungsten disulfide layers can be formed on W-S-C coatings using friction force microscopy. The results are analyzed as a function of coating's chemistry and mechanical properties.
Experiment

Coating preparation and characterization
The W-S-C films were deposited using a direct current (d.c.) magnetron sputtering (chamber was fabricated by Teer, UK) on to Si wafers (hereinafter substrates). Prior to the coating deposition, the substrates were cleaned by establishing the argon plasma close to the substrates.
Cleaning process parameters were as follows: argon pressure 1.5 Pa, substrate bias -600 V, cleaning time 30 minutes. Four targets were used: chromium (purity 99.9%), two graphite targets (graphite, purity 99.6%) and one WS 2 target (purity 99%). After the plasma etching, the substrates were coated first with a thin (approx. 250 nm) bonding layer consisting of pure Cr and a gradient Cr/W-S-C layer with decreasing Cr content; the argon pressure was 0.3 Pa, and substrate bias of -50 V was applied. Finally, the W-S-C coating was deposited at a pressure of 0.45 Pa (substrate was grounded, and bias was not applied) using two graphite and one WS 2 targets. Different chemical composition was achieved by changing target-to-substrate distance.
Three distances (30, 23, 15 mm) were used to vary final chemical composition; the coatings were then denominated as WSC-A, WSC-B, and WSC-C, respectively. Decreasing distance from target resulted in a higher sputtering of sulfur from coating surface by reflected argon atoms from the target. The thickness of the coatings, measured though film cross-section using secondary electron microscopy (SEM), was 1000 -1100 nm.
The chemical analysis of deposited coatings was done using X-ray photoelectron spectroscopy (XPS) (Thermo Scientific Theta Probe XPS, UK). Survey and core level XPS spectra were obtained with a monochromatized Al Ka radiation (hv = 1486.7 eV) using 400 m spot size. 25 .
Indentations were done with Berkovich tip in a load controlled mode. The maximum load was set to 1.2 mN so that the maximum displacement would not exceed 100 nm, loading/unloading rate -0.1 mN/s, dwell time at maximum load -20 s. At least 15 indents were placed on each coating. Data were analyzed using Oliver-Pharr method 26 with an analytical software provided by Micro Materials.
Friction measurements using AFM
Surface topography and lateral force measurements were done in air at room temperature using atomic force microscope (MAC Mode III, 5500 Scanning Probe Microscopy, Agilent Technologies, US). PicoView 1.12 and PicoImage Basics 6.0 (Agilent Technologies, US) software were used for data acquisition and image analysis, respectively. Standard force modulation silicon probes (NanoWorld, distributed by Windsor Scientific, UK) with nominal spring constant of 2 N/m and tip radii of 8 -10 nm were used. Actual spring constant values for every cantilever were obtained using built-in thermal noise method 27 . The determined constant varied between 1.8 and 2.2 N/m. Normal forces were calibrated by measuring the deflection sensitivity (nm/V) from the slope of the linear part of a force-displacement curve obtained on a flat silicon surface. The normal force, F N , was set to be zero at the point where the cantilever left the surface. Calibration of lateral forces, using commercially available gratings, was achieved employing the "wedge calibration method" according to Ogletree et al. 28 The probe geometry before and after experiments was analyzed by SEM.
For the friction and wear measurements, the instrument was operating in contact mode with the long cantilever axis perpendicular to scanning direction. The lateral deflection was adjusted so that it was zero with the tip out of contact with the surface. lines were attributed to one load. At least three scans at different locations were carried out.
Friction forces were determined from trace-retrace loops acquired along single lines by subtracting and halving mean signals as described in Ref. 29 Wear experiments were done over areas of 1 x 1 m 2 at a scanning speed of 3.99 m/s (2 lines/s), applied loads were 10, 50, 100, and 300 nN. Up to 100 frames were recorded for each load. To monitor coating wear, frame size was increased to 3 x 3 m 2 and load reduced to 0.5 nN in between the runs. Material volume loss was calculated from topographical images. Surface area roughness of each sample was determined over the frame size of 10 x 10 m 2 using PicoImage software. Mean surface roughness, S a (arithmetic mean height deviation), related to the analysis of 3D areal surface texture, was calculated according to ISO 25178 standard using Gaussian filter 0.008 mm. Figure S1 ).
Results and discussion
Coating composition and mechanical properties
Additionally to the removal of organic contamination, ion etching typically leads to the preferential sputtering of sulfur 30 . This might result in lower sulfur amount on the surface when compared to the bulk of the coating. 30 , the ratio between W and S should be approximately 1:1.5. Taking into account that our coatings contained additional elements such as carbon and oxygen, and the aim was to prepare films with varying elemental composition, the resulting surface stoichiometry was expected to deviate from the ideal one.
Relative concentrations of WS 2 , WC and WO 3 were calculated from W4f, S2p, C1s, and O1s core peaks (Supporting Information, Figure S1 ; detailed XPS spectra analysis and discussion) and surface chemical composition, (*) ~ 4 % could be attributed to metallic tungsten.
Relative percentages of WS 2 , WC, WO 3 related bonds and the rest features (C-C, C-O, O-S)
present in the films were calculated from W4f, S2p, C1s and O1s spectra and chemical composition.
Hardness (H) and reduced modulus (E r ) of the films, measured using nanoindentation instrument, are reported in Table 2 . The mechanical properties of the films increased in the following order: WSC -A < B < C, i.e. the higher WC content, the harder was the coating.
Therefore, it is expected that wear resistance will follow the same trend, while the ability to form Figure 1 . Corresponding areal surface roughness is presented in Table 2 . Coatings with higher WC content exhibited larger columnar structures and slightly rougher surfaces. 
Single scan nanofric ion as a func ion of load
AFM based tribological measurements are usually done in the elastic regime, below the threshold load for observable damage to take place. The existence of the critical load will depend on the materials under the investigation, and experimental condition employed. The friction response was recorded as a function of applied load, which was gradually increased up to 300 nN. Friction force, F f , as a function of normal load, F N , for the three coatings obtained with FFM during the single scan is given in Figure 2 for WSC-B and WSC-C, and Figure 3 for WSC-A.
Two distinct behaviors were observed between the softer WSC-A coating and the two harder WSC-B and WSC-C coatings, as discussed in the following chapters.
Nanofriction of WSC B and WSC C films
Friction force dependence on the applied load for WSC-B and WSC-C coatings is given in Figure 2 . As predicted by several continuum models of the elastic contact in the single asperity regime, all coatings exhibit a non-linear dependence between friction force and normal loads, especially in the low applied load region. The models assume that the lateral (or friction) force is proportional to contact area, A 32-36 :
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where R is the radius of the tip, and K the effective elastic modulus of the contact
n i is Poisson's ratio, and E i is the Young's moduli of the sphere and flat surface. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 However, attractive forces between the tip and the sample are always present. The effect of adhesion was included in other models: Johnson-Kendell-Roberts (JKR) 40 for the attractive forces acting inside the contact area, Derjaguin-Muller-Toporov (DMT) 37 for the attractive forces that act predominantly outside the contact area. In reality, most cases fall in between those two models. Simple JKR-DMT transition theories based on Maugis-Dugale 38 model were proposed by Carpick-Olegtree-Salmeron (COS) 32 and later justified by Schwarz 41 . Our results for WSC-B
and WSC-C coatings ( 
where
m is the constant in units adequate to m, F N is an effective force acting between the surface and the sphere and is the sum of the applied load and the adhesive forces (F N = F n + F ad ), F off is the constant offset caused by adhesion and should be lower than measured adhesion force 36 . The best fit to Equation 4 was obtained when m = 0.600 ± 0.04, C = 0.126 ± 0.014 nN (1-m) , and F off = -1.9 ± 0.04 nN for WSC-B; and when m = 0.664 ± 0.04, C = 0.114 ± 0.032 nN (1-m) , and F off = 0.082 ± 0.05 nN for WSC-C. Adhesion (pull-off) forces determined 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 from load-displacement curves before and after experiments changed only by few nN, from 4 ± 0.5 nN to 6-7 ± 0.7 nN. The very small deviation from 2/3 power law in our case, could be due to the change of the tip geometry [42] [43] , different area-load dependence because of the different surface microstructure 35 , or the possibility to undergo surface structural and chemical changes under high pressure 44 . It was demonstrated by several researchers [42] [43] that sharp AFM tips fractured almost immediately upon the first engagement with the hard surface, reached "semiconstant" radius of ~ 20 nm within the first 10 mm of scanning distance, and remained constant for about another 100 mm. Even if the tip wear increased with the load, the wear process was slow since it occurred atom by atom 45 . During this particular experiment, the total scanning distance for each tip was about 30 mm, from which three cycles of 4.1 mm were subjected to the increase in load from 0 to 300 nN. Considering reported findings and our observation from earlier work 24 , we assume that the "stable" tip radius of 20 nm was reached during the acquisition of the force-displacement curves before friction experiments, and during the first few images at low loads. It was supposed that the tip shape remained constant for the duration of these particular experiments. Most likely, the fracture in AFM tip during the first interactions with the surface resulted in the final tip geometry that was not an ideal sphere, thus the deviation from 2/3 power law.
Assuming 
Friction properties of WSC A
While monitoring friction force response to the applied load for WSC-A sample (Figure 3 ), the sudden increase in the friction force and then abrupt drop in the load range of ~ 80 -100 nN and ~ 200 -250 nN was measured for every independent scan.
Several studies on mica reported the existence of a threshold load at which the immediate surface damage occurs. It was suggested, that a critical number of point defects was generated during the AFM tip sliding resulting into the nucleation of a hole, and the wear occurred in a layer-by layer manner. [16] [17] 19 Kopta and Salmeron 17 proposed the following friction force dependence: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 well-ordered WS 2 layers during tribological tests even at the nanoscale. And we expect that the mechanism of wear of these coatings is layer-by-layer. The drop in F f after reaching high value is a consequence of the removal of the top layer, and the exposure of the new underlying surface.
New defects have to be generated on the new layer to progress surface wear, thus the second increase and drop in F f at high loads. The analysis of topography images (not shown here) did not indicate any visible changes. Even though the surface roughness of the films is just few nm, it is still too rough and AFM resolution does not allow to identify the formation of point defects after one scan 17, 19, [21] [22] . Even if nanotribological measurements were run at loads above 100 nN, at least 4 scan cycles were required to measure visible changes on atomically flat mica 17, 19 .
Therefore, multiple scans should be done, before any AFM visible changes can be recorded.
Nanowear of surfaces can occur even at lower loads, providing multiple scanning was run at the same place.
16-19, 21-23
Nanowear: tribological response to multiple scanning
To measure wear and investigate the possible formation of WS 2 tribolayer, each sample was subjected to multiple scans at loads 10, 50, 100, and 300 nN. Up to 100 frames of the size 1 x 1 m 2 were recorded for each load. The average results of the coefficient of friction (COF) obtained during wear experiments for three samples are shown in Figure 4 . COF decreased with increasing load, which is usual behavior for TMD and TMD-based coatings, such as MoS x , WSC, MoSeC 2, 6-7, 10, 50 and some polymers. 51 Typically, friction coefficient is either independent of load or increases with load. Labuda et al. 52 showed that the friction of Au (111) measured by AFM is almost constant in the load range of 0-5 nN, whereas the friction of gold oxide sharply The coefficient of friction for the three WSC coatings did not differ greatly, and did not show dependence on coating chemistry or mechanical properties. The only lager difference in COF was measured at 10 nN load. It was argued 33 , that softer materials will give rise to a larger contact area for the equivalent load, thus leading to the higher frictional force measured at the nanoscale. WSC-A coating is the softest from all three (Table 2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 this coating to have the higher COF. At higher loads, the apex of the tips used on harder surfaces should blunt faster forming larger radius. This would lead to the increase in the contact area, and similar COF values. Material transfer from the sample surface to AFM tip will contribute to the change in the tip radius, and alter counterpart chemistry, thus affecting friction properties.
Layer by layer wear and easy shear layer formation for WSC A
Material wear is accompanied by the material transfer between the tip and the substrate. The mechanism and amount of transferred material will depend on material properties, applied load, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 These results indirectly prove the removal of tribofilm and exposure of the underlying surface.
Similar changes were observed for a load of 100 nN. Interestingly, the above mentioned behavior is not clear for 300 nN load. The results showed that the surface was modified during the first 10 scans. But topography did not alter significantly for the rest of the test, although the wear of the material was observed (Supporting Information, Figures S2 and S3 ). To prove that topography was completely altered within the 1 m 2 wear test frame due to morphological changes under the pressure, a zoom-out image of 3 m 2 was recorded with the same tip immediately after each wear test. The wear scars were surrounded by columnar structures, while the modified area showed the lack of any defined structure (Supporting Information, Figure S6 ).
AFM tip after wear test on WSC-A was analyzed using SEM, Figure In summary, it takes longer to form the shear layer at low loads, but it is stable for a longer time/sliding distance that is required to accumulate surface defects to break the layer. During intermittent loads, the tribolayer is created faster, but it is also removed faster starting another formation cycle. Finally, tribolayers are created rather fast at high loads and remain stable for a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 long time, which is probably because the tribofilm is firmly attached to the AFM tip at high contact pressures.
Nanowear of WSC B and WSC C coatings
Friction force dependence as a function of frame number for WSC-B and WSC-C coatings did not show any difference up to 300 nN load, Figure 6a . In general, stable F f values for both coatings were obtained after surfaces were subjected to about 5 to 10 scans. The decrease in friction force during the first scans was attributed to the removal of superficial contamination and oxidation, as no significant topographical changes within this scanning range were observed.
The formation of the shear layer for WSC-B sample was observed only at load of 300 nN, after ~ 40 -50 scans (Supporting information, Figures S4 and S5 ). The presence of the tribofilm is also confirmed in Figure 6c , where sheets similar to those obtained for WSC-A sample were transferred to the tip apex. It was rather difficult to determine when shear layers started to form on WSC-C coating, since it was neither directly indicated in friction force measurements ( Figure   6b ) nor in AFM height images (Supporting Information, Figures S4 and S5 ). WSC-C coating was also transferred to the tip forming a "ball" with a very large radius, Figure AFM topographical results cannot visually confirm the appearance of WS 2 type layers for WSC-C coating, the decrease in friction is indicates of the presence of such low-shear tribolayers. We can conclude here, that frictional behavior measured by FFM is similar to that observed in the macroscopic tribological tests 8, 10 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Finally, Figure 7 shows the material loss during wear experiments calculated from AFM profile images (Supporting information, Figure S6 ). As expected, the wear is higher for WSC-A coating followed by WSC-B and WSC-C. The example of volume loss as a function of sliding distance is given in Figure 7b for the load of 300nN. The first measurable wear of the coating occurs during the first 10 -20 scans, and reaches almost constant wear after a few more frames.
The same tendency was observed at all loads. In general, the wear of coatings increased with the applied load, but decreased as a function of time or sliding distance. Volume loss as a function of frame number for wear test at load of 300 nN.
Conclusions
Tribological 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Figures S1 (d -f) . The doublets at (163.4 -164.5 eV), and (161.5 -162.9 eV)) represents mixed sulfur -oxygen environments [3] [4] [5] 8 , which decrease with reduction in oxygen as observed before and after surface cleaning. Zabinski et al. 7 reported the presence of elemental sulfur (S 0 ) additionally to sulfur chemically bonded to tungsten in the films prepared at room temperature. They also reported the significant decrease in the concentration of S 0 after laser and thermal treatment. The binding energy of the elemental sulfur is in the range of 163.0 -164.2 eV. 3, 7, 9 It overlaps with the doublet related to S-O bonds, and in our case, it would be difficult to distinguish both sulfur states. If elemental sulfur was accumulated on the surface of the coating, it was expected that most of it would be removed during sputter cleaning (see main text for the details). After ion cleaning, the concentration of the peak indicating WS2 bonds in 
Nanowear of WSC-A coating
This part is related to Figure 5 and Section 3.3.1 in the main text: changes in surface topography as a function of load and frame number during nanowear experiments. 
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Corresponding height profiles for each load and different frame number are presented in Figure   S3 . Additional profiles obtained at frames 70 and 100 were included to support the discussion in the main text. Figure S3 . Height profiles corresponding to AFM images presented in Figure S2 for WSC-A coating. Line profiles were taken diagonally over the 1 x 1 m 2 image frame, and shifted with respect to each other, for better visualization.
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Nanowear of WSC-B and WSC-C coatings
This part is related to Figure 6 and Section 3.3.2 in the main text. Figure S4 shows the changes in surface topography of WSC-B and WSC-C coatings during wear at 300 nN. The tribofilm formation was observed for WSC-B coating after about 50 frames. In the case of WSC-C, the topographical images showed the ellipse-like large structures that were obtained due to the increase in the radius of AFM tip (see the main text). The formation of a "liquid-like" film was not observed for this sample at experimental conditions employed. 
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Corresponding height profiles for each load and different frame number are presented in Figure   S5 . Additional profiles obtained at frames 20 and 70 were included to support the discussion in the main text Figure S5 . Height profiles corresponding to AFM images presented in Figure S4 for ( 
